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The radio properties of powerful extended radio sources may be used to estimate the
ambient gas density in the vicinity of radio lobes. A sample of 27 radio lobes from
14 radio galaxies and of 14 radio lobes from 8 radio loud quasars was constructed
using sources from the published literature with sucient radio information to allow an
estimate of the ambient gas density. The ambient gas density as a function of separation
of the lobe from the center of the parent galaxy indicates a composite density prole,
where Cygnus A plays the key role of determining the normalization for the ambient
gas density. The composite density prole of the galaxies and quasars studied here is
similar to the density prole of gas in low-redshift clusters of galaxies, which conrms
the result obtained by Daly [1] using a somewhat smaller sample of radio sources. The
data presented here allow an estimate of the core gas density, core radius, and slope of
the density prole assuming that the gas density can be t by a King model.
The data suggest that the core gas density decreases as the redshift of the source
increases, and is consistent with either a roughly constant core radius, or a core ra-
dius that increases with increasing source redshift. Thus, our results are completely
consistent with observations indicating negative evolution of the cluster X-ray lumi-
nosity function, and with those indicating that the X-ray luminosities of rich clusters
at modest redshift (about 0.5) are signicantly lower than those of optically similar
zero-redshift clusters.
The negative evolution of the core gas density estimated here is consistent with either
a constant total gas mass in which the central density increases and the core radius
decreases with time, or a central density that increases with time while the core radius
remain roughly constant, in which case the gas mass would increase with time.
Ambient gas densities estimated using the radio properties of powerful extended radio
sources provide an useful complement to ambient gas densities estimated from X-ray
observations, Faraday rotation measure studies, and measurements of the Sunyaev-
Zel'dovich eect. As described here and by [1,2,3,4], radio observations allow an es-
timate of the ambient gas density as a single parameter for each source; this density
could be combined with X-ray observations, Faraday rotation measures, and Sunyaev-
Zel'dovich measurements to estimate the size of the X-ray emitting region, the line
integral of the magnetic eld through the gas about the radio source, and to constrain
the slope of the density prole. In addition, since powerful extended radio sources
are observed out to very high redshift, this method can be used to probe ambient gas
densities of sources that would be very dicult to detect as X-ray sources.
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1. Introduction
Powerful extended radio sources serve as markers that indicate sites of activity
throughout the universe. These sources pinpoint locations in the distant universe
that can be studied to learn about the structure of the universe when it was much
younger than it is today and to study evolution of structure in the universe, and
thus provide one of the very few tools available at present to locate and study
the properties of the distant universe.
One of the many interesting aspects of powerful extended radio sources that
can be studied is the ambient gas density in the vicinity of the radio lobes of the
source [1,3]. Very powerful FRII radio sources are thought to be propagating
supersonically relative to the sound speed of the ambient gas as discussed, for ex-
ample, by [5]. This implies that the strong shock jump conditions apply across
the lobe-medium interface. Thus, the radio properties of a radio source may
be used to estimate the ambient gas density [1,2,3]. The ambient gas densities
indicated using this technique suggest that very powerful FRII sources are in a
cluster-like gaseous environment [1,3,4] and the evolution of the gaseous environ-
ment of the sources with redshift may indicate the evolution of the intracluster
medium (ICM). It is interesting to note that at a redshift of about 2, these
sources have a comoving number density comparable to that of rich clusters of
galaxies at the present epoch if the short lifetime of the radio source relative to
the Hubble time is taken into account, as discussed in x9 of [6].
Since clusters of galaxies are the most massive gravitationally bound systems
in the universe, the evolution of these systems with redshift provides a very
powerful way to distinguish between various models of structure formation and
evolution as discussed, for example, by [7]. Indeed, the strong negative evolution
of the cluster X-ray luminosity function with redshift has been taken to indicate
strong evolution of the mass function of clusters of galaxies [8,9], as has been
the presence of X-ray substructure of low-redshift clusters [10]. However, it is
possible that X-ray evolution and the presence of substructure is not due to
the gravitational growth of the cluster, but rather is due to eects internal to
the cluster such as the relaxation of the gas in the dark matter potential of
the cluster, addition of gas to the ICM from cluster members, the cooling and
settling of gas, etc.
It appears that the radio properties of powerful extended radio sources may
be used to study the gaseous environments of the sources and the evolution of
these environments with redshift. This can be combined with optical studies of
the environments of the sources to compare the evolution of the gaseous environ-
ments with the evolution of the galactic environment of the sources. This may
give some indication of whether the negative evolution of the ICM with redshift
is due to the gravitational growth of the cluster or due to processes internal to
the cluster. It may also give an indication of the formation history of the cluster
relative to that of the ICM. The very distant goal of this study is to use the
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evolution of clusters of galaxies as a discriminator between models of structure
formation and evolution.
Values of the Hubble constant of 100 km s
 1
Mpc
 1
and deceleration param-
eter q
o
= 0 are assumed throughout; results obtained assuming q
o
= 0:5 are
mentioned in x3.
2. Ambient Gas Densities
The ambient gas density in the vicinity of the radio lobes of powerful extended
radio sources can be estimated by applying the strong shock jump conditions
across the lobe-medium interface [1,2,3]. The strong shock jump conditions
imply that the lobe is ram pressure conned, so that the lobe pressure P
L
is
proportional to the ambient gas density n
a
and the lobe propagation velocity
v
L
:
P
L
/ n
a
v
2
L
: (1)
The lobe pressure can be estimated using the minimum energy magnetic eld of
the radio source. This is a good approximation if the relativistic electrons and
magnetic eld in the lobes of the sources are in rough pressure equilibrium, or if
the deviations from equilibrium are similar from source to source. For example,
detailed observations of Cygnus A [11] and of 3C295 [12] suggest that the lobe
magnetic elds in each of these sources are about a factor of three less than
the minimum energy magnetic eld. The data presented here suggest that it is
likely that all lobes deviate from minimum energy conditions in the same way,
as discussed in detail by [4]. If the minimum energy magnetic eld of the lobes is
a good approximation to the true eld strength, or if deviations from minimum
energy are similar from source to source, the lobe pressure is proportional to the
square of the minimum energy magnetic eld so that [1,2,3,4]
n
a
/

B
min
v
L

2
: (2)
The lobe propagation velocity can be estimated from the change of the radio
spectral index  across the radio bridge of the source, as discussed in detail by
[13,14,15,16], and by [11] for the case of Cygnus A.
Eq. (2) was used by [2] to eliminate the ambient gas density as a variable
in the use of powerful extended radio sources as a cosmological tool (see the
paper by Guerra and Daly in this volume for an update), and by [1,3] to study
the ambient gas density in the vicinity of radio lobes of powerful extended FRII
sources. The sources included in these studies were all very large sources and
thus could be used to probe the ambient gas density at relatively large distances
from the center of the parent galaxy.
The present study was undertaken to obtain ambient gas densities over a
broader range of distances from the galaxy core, and to tailor the data analysis
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to obtain exactly the parameters needed for eq. (2) rather than using related
parameters as was done by [1,2].
In order to be able to use radio data to estimate the lobe propagation velocity
it is necessary to have fairly high-resolution data extending to relatively low
surface brightness levels for at least 2 radio frequencies. This allows an estimate
of the change of the radio spectral index across the radio bridge. The change in
the radio spectral index is interpreted as the result of synchrotron and inverse
Compton aging of the relativistic electrons, and indicates the time that has
elapsed since the source was smaller. The time interval that has passed across
a given region of the radio source is used to estimate the rate of growth of the
source, known as the lobe propagation velocity.
The lobe propagation velocity and minimum energy magnetic eld has been
estimated for many sources, both galaxies and quasars, from the samples of
Leahy, Muxlow, and Stephens [15] and Liu, Pooley, and Riley, [16], as described
by Wellman & Daly [4]. The minimum energy magnetic eld was estimated both
at 10 and 25 kpc from the hotspot in the direction of the host galaxy. The 10
kpc results will be discussed here.
The ambient gas density obtained using eq. (2) is plotted as a function of the
separation between the estimated center of the host galaxy and the hotspot in
gure 1a. The normalization of eq. (2) is set using Cygnus A with the following
parameters: the ambient gas density is about 1:610
 2
cm
 3
[18] at the position
of the radio lobes, the minimum energy magnetic eld is 9  10
 5
gauss [4,11],
and the lobe propagation velocity derived with that eld is 0:08c [4,11].
The composite density prole shown in gure 1a is very similar is shape to
that of the ICM in low redshift clusters of galaxies, and its normalization is
similar to that of low-redshift clusters by denition it is set using Cygnus A. The
composite density prole has been t with a density prole of the form:
n
a
(r) = n
c
 
1 +

r
r
c

2
!
 3=2
; (3)
where n
c
is the core density, r
c
is the core radius, and  indicates the slope
of the density prole (e.g. Sarazin [17] eq. [5.63]). The best t parameters
and the reduced 
2
of the t are listed on the gure. The three dimensional
error ellipsoid has a complicated shape [4]. A two dimensional error ellipsoid is
obtained by xing  to the best t value of 0.9, and indicates uncertainties on
the remaining two parameters of n
c
= (11
+6
 4
) 10
 3
cm
 3
and r
c
= 90
+60
 20
kpc.
The value of the reduced 
2
for the t shown in gure 1a is rather large. If
the sample is divided into high and low-redshift subsamples it is clear that the
core density of the z > 1 sources is lower than the z < 1 sources, while the
redshift evolution of the core radius is less clear (see [4] for more details). This
motivates a t to the composite density prole that explicitly includes evolution
with redshift.
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(a)
(b)
(c)
Figure 1. (a) Results for 10 kpc data with no evolution and B = B
min
; (b) Results for
10 kpc data with evolution and B = B
min
; (c) Results for 10 kpc data with evolution
and B = B
min
=3.
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2.1. Evolution of Ambient Gas Densities with Redshift
Two forms for the evolution of the ambient gas density with redshift are presented
here; both assume that the density prole is well described by a King model, and
both require that 4 parameters be constrained by the data. The rst is identical
to eq. (3) with n
c
replaced by n
c0
(1 + z)
p
, and second has this alteration to eq.
(3) and r
c
is replaced by r
c0
(1 + z)
 p=3
. The rst form assumes that the core
radius is independent of redshift while the core density changes with redshift, and
the second form assumes that the core gas mass is constant while the core radius
and density change. Another possibility is that the core radius, core density, and
core gas mass change with redshift, but this would require a 5 parameter t to
the data and is not considered here.
Fits allowing for the evolution of n(r) with redshift are shown in gures 1b and
1c. The ts shown are for the rst type of evolution considered and described
above, and the parameters for the second type of t are listed on the gure
under the caption \not shown." Figures 1b and 1c have been computed assuming
B = B
min
and B = B
min
=3 respectively.
Negative redshift evolution is indicated by all 4 ts, though the magnitude
of the evolution varies somewhat. The values of the reduced 
2
s of the ts
are signicantly lower than obtained assuming no evolution of the density with
redshift (compare gure 1a with gures 1b and 1c).
Similar results obtain when a value for the deceleration parameter q
o
= 0:5 is
assumed [4], though the negative evolution with redshift is slightly less signicant
than the result presented here for q
o
= 0.
3. Discussion
These results and those obtained by [1] suggest that very powerful extended
radio galaxies and radio loud quasars lie in similar gaseous environments, which
resemble those observed in clusters of galaxies, and suggest that these very pow-
erful extended radio sources lie in the cores of clusters of galaxies. The relatively
small core radii indicated by the composite density prole hints that these radio
sources may be associated with cD galaxies, since the core radii of the gas in
clusters containing cD's is comparable to the core radii obtained here, and is a
factor of 2 smaller than gas in clusters lacking a cD galaxy [19].
This study and that of [1] clearly show that the extended radio sources selected
as described by [1,2,4] provide a very powerful tool to study the gaseous envi-
ronments of the sources, and the evolution of these gaseous environments. The
results presented here and by [4] suggest negative evolution of the core gas density
with redshift. This is consistent with the negative evolution of the cluster X-ray
luminosity function [20,21], the low X-ray luminosities of optically rich clusters
of galaxies at modest redshift [22], and the evolution of the gaseous environments
of less powerful FRII sources with redshift [23,24], all of which indicate that the
density of the ICM in clusters of galaxies decreases with increasing redshift.
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The evolution of clusters of galaxies with redshift provides a sensitive diag-
nostic of models of structure formation and evolution. However, in order to be
able to use clusters for this purpose, it is necessary to be able to distinguish
between evolution associated with the gravitational growth of the cluster and
that associated with processes internal to the cluster. Thus, the distant goal
of this study is to constrain the evolution of the masses of galaxy clusters and
that of the gas that comprises the ICM separately. This, in turn, would have
far-reaching implications for models of structure formation and evolution.
The evolution of the cluster gas and that of the cluster gravitational potential
could be distinguished by combining the results presented here with studies of
the density of galaxies in the vicinity of the radio source, such as those presently
underway by Dickinson, Spinrad, and collaborators, for example. Evolution
of the cluster mass and the cluster gas could be further constrained using X-
ray data, Faraday rotation measure studies, and measurements of the Sunyaev-
Zel'dovich eect in distant clusters of galaxies. X-rays from the intracluster
medium can be used to indicate the product of the total gas mass and the gas
density; Faraday rotation measure studies indicate the product of the gas density,
the magnetic eld strength, and the extent of the gas; and SZ measurements
indicate the product of the gas pressure and the extent of the gas. Combinations
of dierent measures of the state of the gas could provide interesting constraints
on the evolution of the ICM in clusters of galaxies.
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